Abstract This research examines whether inpatients with common illnesses and comorbid heat-related illness (HRI) suffer worse health outcomes and use more hospital resources than similar patients without a diagnosed HRI. We used the Nationwide Inpatient Sample, 2001-2010 to compare outcomes, including inpatient length of stay, number of procedures, total charges, discharge status and death, for hospitalization of common illnesses with and without HRI. We used bivariate and multivariable regressions to identify risk factors for health outcomes among inpatients with common illnesses and comorbid HRI. Stratified analyses examined outcomes according to sociodemographics and hospital characteristics to further identify specific risk factors. Among inpatients with respiratory illnesses, negative outcomes were more frequent when a comorbid HRI was present. Additionally, inpatients with cardiac diseases showed increased mortality when a comorbid HRI was present. Overall, comorbid HRI was not associated with worse outcomes among the other common illnesses analyzed. While heat may precipitate hospital admissions for renal and diabetic conditions, these conditions have similar 
hospitalized French population (Hausfater et al. 2010) . A recent analysis of heat-related hospital admissions noted that while many studies have examined increases in heat-related mortality, non-lethal effects of extreme heat on cardiovascular, renal, and other organ systems have not been adequately studied (Bobb et al. 2014) .
Patients with chronic lung diseases are of particular concern, as climate change is associated with increases in outdoor air pollutants and extreme heat events, both of which increase susceptibility to heat-related respiratory morbidity and mortality (Anderson et al. 2013; Stafoggia et al. 2008) . Hot, humid days can trigger asthma symptoms and increase airway resistance by stimulating airway C-fiber nerves (Hayes et al. 2012; Rice et al. 2014) . Asthmatics, who comprise 7.7 % of adults and 9.5 % of children (0-17 years old), in the United States, are particularly sensitive to extreme heat events (Lin et al. 2009; Mireku et al. 2009 ). Other factors, such as air pollution and wild fires, which may increase due to climate variability, could have additional impacts on our ability to meet air quality standards and further stress susceptible populations based on both geographic location and underlying vulnerabilities (Bedsworth 2012) .
Many of these studies demonstrate that high ambient temperatures and extreme heat events result in an increase in hospitalizations among individuals with common illnesses, such as respiratory and cardiovascular diseases. However, epidemiological knowledge of at-risk populations are incomplete, and it is not known whether outcomes of patients' hospitalized for certain medical conditions along with comorbid HRI are better or worse than those of patients hospitalized without a comorbid HRI. Identifying populations with underlying medical conditions that are particularly sensitive to extreme heat may facilitate interventions for atrisk populations. This study uses a large administrative database on hospitalizations in the U.S. to examine whether individuals diagnosed with comorbid HRI and several common illnesses (diabetes and cardiovascular, renal or respiratory diseases) suffer an increase in negative outcomes during hospitalizations compared to patients with common illnesses alone.
Methods

Data sources
Our primary source of data is the 2001-2010 Healthcare Cost and Utilization Project (HCUP) Nationwide Inpatient Sample (NIS), which was developed by the Agency for Healthcare Research and Quality (AHRQ). The NIS is the largest all-payer care database, with data from approximately 8 million hospitalizations per year, about 20 % of all hospital discharges in the United States, which include samples of U.S. community hospitals, defined by the AHA to be Ball non-Federal, short-term, general, and other specialty hospitals, excluding hospital units of institutions^ (HCUP 2014) . In-depth documentation for NIS sampling and weighting methodologies can be found on the HCUP website (https://www.hcup-us.ahrq.gov/). The NIS includes information on patients' demographic characteristics, hospital characteristics, primary and secondary diagnoses (coded according to the International Classification of Diseases, Ninth Revision (ICD-9-CM), up to 25), procedures (ICD-9-CM, up to 15), the type and source of admission, discharge disposition, primary payer, total hospital charges, and length of stay. Patient income is recorded as median household income for patients' zip-code by quartile with the boundary between the second and third quartiles approximating the national median household income. Stratification and weighting variables, provided by AHRQ, allow calculation of national estimates, accounting for the complex sample design and the expanding sampling framework over time. Though, national estimates derived from the NIS are only representative of populations that have been hospitalized. Additional spatial data for geocoded hospital location was obtained from Environmental Systems Research Institute (ESRI) based on American Hospital Association (AHA) identifiers, and merged with the NIS dataset to create a detailed hospital location indicator. Using the 2010 Census Urban and Rural classification, geocoded hospitals were mapped and designated as being in urban areas of 50,000 or more people, in small urban clusters of 2500 to 50,000 people or in rural areas which encompassed all other locations (US Census Bureau 2010). All spatial analyses were performed using ArcGIS (version 10; ESRI, Redlands, CA).
Subjects and definitions
The study population consists of patient records with a primary or secondary diagnosis of diabetes (ICD-9 code 250), cardiovascular disease (codes 390-398, 402, 404-448) , respiratory illness (codes 460-519), and nephritic illnesses and acute renal failure (codes 580-589), with or without a diagnosis of a heat-related illness (codes 992.0-992.9). Diagnosis of a comorbid heat-related illness was determined by a HRI coded in any of the diagnostic code positions. These major disease groupings were chosen to be consistent with previous heat wave hospitalization studies (Knowlton et al. 2009; Semenza et al. 1999) . Since approximately 95 % of all HRI hospitalizations occurred during the summer months (May-September), all hospitalizations not occurring during these months were excluded. We analyzed outcomes of patients in each disease group (diabetes, cardiac, respiratory and renal diseases) according to whether they did or did not have a comorbid diagnosis of a HRI. Since disease groupings are defined based on both a primary and secondary diagnoses, some patients may be included in more than one disease group.
Statistical analysis
The outcomes analyzed included inpatient length of stay, number of procedures, total charges, discharge status and death. Discharge status was categorized as a binary variable for either a routine or non-routine hospital discharge. Non-routine discharges include transfer to a rehabilitation facility or specialty hospital, discharge with home health care, discharge against medical advice or discharge to court/law enforcement. Descriptive statistics of disease grouping with a comorbid HRI diagnosis were performed along with bivariate and adjusted multivariable analyses for each dependent variable (length of stay, number of procedures, total hospital charges, discharge status and death). Binary outcomes (death and discharge status) were analyzed with log-binomial models, which directly model risk ratios (RRs). Multivariable models were adjusted for patients' sociodemographic characteristics (gender, age category, race, zip-code income quartile and insurance status) and hospital characteristics including geographic region (Northeast, Mid-West, South, and West), hospital location (rural, small urban cluster, and urban area), and hospital size (Small, medium, and large). Hospital size in the NIS is determined by number of short-term acute beds in a hospital and was used to control for the difference between hospital sizes in rural and urban locations. Large urban hospitals will have more beds than large rural hospitals. For continuous outcome variables (length of stay, total charges, and number of procedures) we used linear regressions adjusted for the covariates described above. Comparators for analyses were all other hospitalizations without a HRI diagnosis, and all other hospitalizations for each common illness without diagnosis of a comorbid HRI, with each stratified analysis a separate model. For example, males hospitalized with diabetes and a HRI were compared to males who were hospitalized for diabetes without an HRI.
All analyses in the study used AHRQ weighting variables to allow for nationally representative estimations and were performed using SAS 9.3 (SAS Institute, Cary, NC). This study was approved by the Institutional Review Board of Hunter College and conforms to the HCUP data use agreement.
Results
We identified a total of 14,949 (unweighted) cases of HRIs during the study period including 384 with diabetes; 1819 with cardiovascular diseases; 1430 with respiratory diseases; and 2485 with renal diseases (Tables 1 and 2 ). Patients with a HRI diagnosis alone and those with diabetes, a cardiac, renal or respiratory disease were mostly similar in age group, race and zip-code income quartile (except for the lowest quartile). However, patients with a common illness and comorbid HRI were more often male, uninsured, residing in low income zip-codes, and were more likely to be hospitalized in rural areas and small urban clusters. Tables 1 and 2 also displays the descriptive statistics for the outcome measures used in the multivariable analyses. Table 3 displays differences in outcomes between patients diagnosed with the common illnesses alone and those with a concurrent HRI diagnosis. For diabetes, cardiac and renal diseases, hospitalization outcomes were generally better when a HRI comorbidity was present. This was particularly true of acute renal disease hospitalizations. Conversely, patients with respiratory diseases and comorbid HRI fared worse on most outcomes. In the unadjusted model patients underwent more procedures (an average excess of 0.29 during their hospital stay), had higher total charges ($5027) and had a 21 % higher risk of death compared to patients hospitalized with a respiratory disease but no comorbid HRI diagnosis. The fully adjusted model found a similar increase in adverse outcomes when respiratory illness was accompanied by HRI. These patients underwent more procedures (0.19), had a 7 % increased risk of non-routine discharge, and a 34 % increased risk of death. Table 4 displays selected outcomes among patients with cardiac and renal diseases compared to patients with these diseases and comorbid HRI, stratified by patient and hospital characteristics. Increased risk of death was seen among males, adults (relative to children) and the uninsured when cardiac disease was accompanied by comorbid HRI, compared to those with only a cardiac disease diagnosis. Increases in death rates were also seen among females and children for those diagnosed with a renal disease and comorbid HRI compared to a renal disease diagnosis alone. This is despite the fact that males comprised almost 90 % of all renal disease hospitalizations with comorbid HRI. Children (0-17 years old) with diabetes and comorbid HRI underwent more procedures than children with only a diabetes diagnosis, though the number of cases was very small and were not statistically representative of this population as a whole. Patients hospitalized for diabetes alone had shorter average length of stay, lower total charges and a lower risk of death and non-routine discharge than those who had comorbid HRI although most results were not statistically significant (Online Table 1 ). While there were a few selected outcomes with increased risks (specifically mortality) among patients hospitalized for cardiac and renal diseases and comorbid HRI, most of the disease grouping (diabetes, cardiac and renal diseases) outcomes were similar for inpatients with and without comorbid HRI. Table 5 displays the stratified analyses of adverse outcomes among respiratory disease patients with a comorbid HRI, compared to those with respiratory diseases alone. We observed more pronounced elevations in the number of procedures, total hospital charges and length of stay among children (0-17 years old) and adults (40-64 years old), Black and Hispanic patients, the uninsured and those living in the second income quartile (25-50th percentile). Notably, an increased risk of death was seen among almost all patient subgroups when a HRI accompanied a respiratory illness compared to a respiratory illness alone, although the difference was nonsignificant for some subgroups, particularly length of stay. Older adults (65+ years old) did not show any increased negative outcomes associated with respiratory illnesses and comorbid HRI and regression analyses indicate comorbid HRI as a 'protective factor', having risk ratios less than one.
Discussion
Our findings suggest that most patients hospitalized with common illnesses complicated by comorbid HRIs have similar or better outcomes than patients hospitalized with such illnesses without a HRI, with the important exception of respiratory illnesses. Multiple stratified analyses also allowed us to identify vulnerable subgroups among those with concurrent medical conditions. And while our analyses included multiple comparisons, it was important to examine all possible associations which may uncover vulnerable sub-populations. Our hypothesis stated that patients diagnosed with common illnesses and a comorbid HRI would have greater negative outcomes, but the results indicate otherwise. Literature has shown that Tables 1 and 2 b Reference group for all stratified variables are those hospitalized without a heat-related illness and each outcome displayed is from a separate multivariable model c Risk Ratios Tables 1 and 2   b Reference group for all stratified variables are those hospitalized without a heat-related illness and each outcome displayed is from a separate multivariable model c Risk Ratios extreme heat events exacerbate underlying medical conditions and increase both heat-related morbidity and mortality (Mastrangelo et al. 2007 ). This discrepancy may be due to the underdiagnosing and underreporting of HRIs due to more severe illnesses (Bouchama and Knochel 2002) , such as renal failure or cardiac arrest, taking diagnostic precedence during a hospitalization, even when high ambient temperatures may have been a fundamental cause. Our results also indicate that among patients with low incomes and no insurance, those with cardiac, renal, and respiratory diseases had a higher risk of mortality and non-routine discharge when an HRI was present. This could be due to the lack of resources, such as air conditioning or access to routine medical care, among these economically disadvantaged populations, which could contribute to hospitalizations. Males with comorbid HRI were also more likely to be hospitalized, which may be due to physical activity or outdoor work environments which could increase their exposure to high ambient temperatures. Understanding behavioral aspects of vulnerable populations during extreme heat events can help to determine what actions, or lack of actions, are contributing to increased heat morbidity and mortality. Children appear to be vulnerable to worse outcomes when comorbid HRIs are present, lending support to prior research findings (Kovats et al. 2004; O'Neill et al. 2003) , though our results warrant further study since population size among this age group was small and may not be representative of all children with chronic conditions and comorbid HRI. The elderly are also known to be at increased risk of mortality and hospitalizations due to HRIs. However, our findings suggest that once hospitalized, outcomes for elderly patients with HRI are similar to elderly patients with similar common illnesses but without a comorbid HRI. This may suggest that underlying medical conditions play the dominant role in determining morbidity and mortality in hospitalized patients with comorbid HRIs among all age groups. Additionally, we had expected older adults and the elderly to have increased negative outcomes more so than other age groups examined, though our results indicated in many cases a comorbid HRI was associated with better health outcomes than among those without a HRI. This was apparent among elderly patients (75+) for all analyses examining mortality among common illnesses with comorbid HRI. Though, this protective effect may be due to the underdiagnosing and underreporting of HRIs.
Patients with respiratory illnesses are among the most susceptible to adverse outcomes from extreme heat and might benefit from both enhanced clinical intervention and from climate change mitigation, such as the reduction of greenhouse gas emissions (Rice et al. 2014) . Additionally, it has been reported that patients presenting with heat stroke have organ dysfunction related to respiratory failure more than cardiac or renal failure (Varghese et al. 2005) . This could indicate a particular physiological mechanism that makes the respiratory system more susceptible to the effects of extreme heat than other organ systems. Further research is required to look more specifically at the human body's response to extreme heat.
Although we could not examine the relationship between HRIs and air pollution, previous studies have suggested a synergistic effect between high ambient temperatures and air pollution on morbidity and mortality (O'Neill et al. 2005) . This might account for the uniquely higher rates of adverse outcomes among patients diagnosed with respiratory diseases and HRIs. This is supported by our finding that comorbid HRI had a particularly strong effect on respiratory hospitalization mortality rates in urban areas. Climate change impacts on air quality, including pollution and aeroallergens may also influence health outcomes among individuals with underlying respiratory illnesses. Further examination of aeroallergens, air pollution, and meteorological factors are needed to understand how changes in climate will affect allergen and pollution production and distribution and their impact on human health (Reid and Gamble 2009 ). Conversely, some previous studies have reported no evidence of confounding or modifying effects of air pollution on the association between temperature and health (Anderson and Bell 2009; Harlan and Ruddell 2011) . Whatever the cause for the elevated risk for respiratory illnesses and comorbid HRI patients in urban areas, this group merits special attention and further research.
Heat-related illnesses range from mild dehydration due to electrolyte imbalance, to multiorgan failure in patients presenting with heat stroke. Not surprisingly, individuals presenting with the more severe HRIs have higher costs, longer lengths of stay, and worse outcomes than those with milder heat-related illnesses (Argaud et al. 2007; LoVecchio et al. 2007 ). Some researchers have suggested that individuals who die during heat waves are part of mortality displacement effect, with heat-related deaths occurring mainly among previously frail or sick individuals whose death was only hastened by the heat and would have subsequently died within a short period, had the heat wave not occurred . Though other studies suggest that assessing mortality displacement is complicated due to multiple subsequent heat events and instances where no mortality displacement was detected on the short-term followup of heat waves (Kovats and Hajat 2008) . Although our epidemiological evidence cannot determine specific biological pathways associated with mortality displacement effects, our findings suggest that exacerbated underlying medical conditions may be mediators in the pathways of these effects. Socioeconomic and geographic differences between HRI and these common illnesses can help to explicate the degree of morbidity and mortality displacement during extreme heat events (Anderson et al. 2013) . Research in understanding lagged effects in different sub-populations, including those with underlying medical conditions, is needed to understand the full spectrum of vulnerability to extreme heat. Additionally, factors that were not measured within our dataset may also contribute to differences in hospitalized populations with a comorbid HRI and those without. For example, occupation was not captured in the records, though outdoor workers may be more likely to be exposed to extreme heat and hospitalized due to a heat-related illness.
Prior studies have also shown that HRIs can damage organs and may increase an individual's chance of being susceptible to additional HRIs from future events (Varghese et al. 2005; Wallace et al. 2007) . Understanding the interaction of HRI and underlying medical conditions such as diabetes, cardiac, renal, and respiratory diseases may aid in elucidating which patient groups are at an especially high risk during extreme heat events, and can help reduce the number and severity of hospitalizations due to HRIs. It may be useful to increase the awareness of HRI among patients with underlying medical conditions. Informational interventions might be included in clinical preventive care programs. Federal government initiatives are focusing resources towards state and city governments to run campaigns and inform the general public and health care providers on protecting vulnerable populations during heat events (Sheffield et al. 2014) . As more and more people seek information online and at pharmacies, information concerning the interaction of extreme heat and underlying medical conditions will need to be disseminated through secondary and tertiary sources of medical and health information.
The probability of extreme heat events, such as the ones in Europe (2003) and the United States (1995), will increase as global temperatures continue to rise. Events that may be considered rare today, could be a normal occurances under some future climate scenarios (Russo et al. 2014; Peterson et al. 2013) . As previously suggested, the increase in frequency of extreme heat events may increase heat-related morbidity and mortality. It is important to examine all aspects of individual and population vulnerabilities. Identifying the effects of comorbid HRIs on certain medical conditions of hospitalized populations will help to produce a more complete picture of vulnerability. To address these health impacts, significant alterations in how vulnerable populations mitigate and adapt to climate variability will also need to be made. Semenza et al. (2011) noted that adaptive behavior changes related to climate variability are dependent on perceived susceptibility and severity of extreme events and framing it from a health perspective can improve mitigation and adaptive behaviors among vulnerable populations (Semenza et al. 2011 ). Improving our understanding of both climate change and human health outcomes, we have the opportunity to build resilience and adaptive capacity to prepare and protect vulnerable populations.
Ours is among one of the first studies to assess nationally representative data on outcomes in patients with common medical conditions and comorbid HRI (Balbus and Malina 2009 ). However, our study has some limitations. Administrative data is not as accurate as clinical data, and coding of diagnoses of exacerbated medical conditions may take precedence over the coding of HRIs (Kravchenko et al. 2013 ). This will bias the results and may lessen the magnitude of effect, which can reduce our ability to correctly identify potential risk factors for HRI hospitalizations. Uncertainties in the accuracy of the coding of HRIs as a comorbid condition is a limitation of the data and unknown biases in the data may explain the positive and negative outcomes in the results. Physician knowledge of climate change, extreme heat events, and heat-related illnesses may also play an important role in how HRIs are diagnosed and eventually coded. In some instances data analysis was limited due to small sample sizes as heat-related illnesses may be considered a rare condition. Additionally, we have little information on non-procedural tests or treatments. Although the NIS data are unable to determine state-level estimates, sample and weighting allowed for national estimates. These national estimates are representative of only those who have been hospitalized in community hospitals in the U.S.
The NIS does not capture date of admission (to protect patient confidentiality) so we could not link specific exposures to heat-related illnesses diagnoses. We limited our examination to summer months (May -September) as a proxy for exposure, which accounted for 95 % of heat-related illness cases, though some cases could be unrelated to high ambient temperature exposure. The NIS also does not track re-admission, and individuals can be admitted multiple times a year. Though, we are confident that since HRI presents as a rare condition, readmission would not affect our overall results. The database also does not provide information on important confounders such as medications, activity levels, or health status prior to admission. Air pollution also seems likely to be an important effect modifier, but could not be directly assessed in this study. Further research examining this association is required, as there is still no clear consensus within the literature (Huang et al. 2011) . Additionally, heatrelated illness hospitalizations have increased over time (Schmeltz et al. 2015) and further research studies on how factors such as air pollution and high ambient temperatures impact human health outcomes are needed. There were a number of strengths to the study as well, most notably the size and overall scope of our data source, the NIS. The stratified analyses also proved useful in identifying subgroup effects that may have remained hidden without this analysis. It has been noted that hospital discharge data is important for disease surveillance and assists in developing knowledge for disease prevention and other public health programs (Cheng et al. 2009 ).
Our analysis of hospitalizations for HRI and common illnesses, particularly respiratory diseases, and our examination of risk within particular subgroups provide insight into hospitalized groups that may be particularly vulnerable during heat events, and might facilitate targeted interventions to both prevent hospitalizations and improve outcomes (Balbus and Malina 2009; O'Neill et al. 2009 ). Our study adds to the growing body of research focused on heat morbidity and associated chronic illnesses that are exacerbated during heat events. We hope that our research will assist in evaluating and managing the impact of heat-related morbidity and mortality due to climate change.
